Acute lung injury (ALI) is a life-threatening condition in critically ill patients. Injury to the alveolar epithelium is a critical event in ALI, and accumulating evidence suggests that it is linked to proapoptotic Fas/FasL signals. Active soluble FasL (sFasL) is detectable in the bronchoalveolar lavage (BAL) fluid of patients with ALI, but the mechanisms controlling its bioactivity are unclear. We therefore investigated how the structure of sFasL influences cellular activation in human and mouse lungs and the role of oxidants and proteases in modifying sFasL activity. The sFasL in BAL fluid from patients with ALI was bioactive and present in high molecular weight multimers and aggregates. Oxidants generated from neutrophil myeloperoxidase in BAL fluid promoted aggregation of sFasL in vitro and in vivo. Oxidation increased the biological activity of sFasL at low concentrations but degraded sFasL at high concentrations. The amino-terminal extracellular stalk region of human sFasL was required to induce lung injury in mice, and proteolytic cleavage of the stalk region by MMP-7 reduced the bioactivity of sFasL in human cells in vitro. The sFasL recovered from the lungs of patients with ALI contained both oxidized methionine residues and the stalk region. These data provide what we believe to be new insights into the structural determinants of sFasL bioactivity in the lungs of patients with ALI.
Introduction
Acute lung injury (ALI), including its more severe form, acute respiratory distress syndrome (ARDS), is common in critically ill patients and carries an overall mortality of 40% or higher in unselected patients (1) . The pathological hallmark of ALI and ARDS is diffuse alveolar damage with protein-rich edema, in which alveolar epithelial injury is a critical event (2) (3) (4) . Epithelial injury in ALI occurs by necrosis and apoptosis (2, 5) , but the mechanisms that mediate these events in the alveolar epithelium are not completely understood. Apoptosis is a regulated form of cell death that is initiated by membrane death receptors and/or direct mitochondrial injury (6, 7) . Accumulating evidence in humans and experimental models links the proapoptotic Fas/FasL system with lung epithelial injury and fibrosis (6, 8) .
Fas is a 45-kDa type I cell surface receptor that belongs to the TNF receptor family. Binding of FasL to membrane Fas induces apoptosis in susceptible cells and activates inflammatory responses. Several lines of evidence show that Fas activation initiates proapoptotic and proinflammatory pathways in lung epithelial cells (9) (10) (11) (12) (13) (14) . FasL exists in both membrane and soluble forms. The membrane FasL (mFasL) is a 37-kDa type II glycoprotein that acts locally through cell-to-cell contact (15) (16) (17) . The extracellular domain of the human mFasL is composed of the stalk region (103-136 aa) at the NH 2 -terminus close to the cell membrane and a TNF homology domain (137-281 aa) at the COOH-terminus (18) . The extracellular domain of mFasL can be processed by the proteolytic action of MMPs, such as MMP-7 and MMP-3, into a 25-to 29-kDa soluble form of FasL (sFasL) (19, 20) . Preformed sFasL also can be released by activated monocytes (21) .
The biological activity of sFasL varies among studies, which could be explained by differences in molecular conformation. For example, some evidence suggests that the bioactivity of sFasL depends on the formation of aggregates or multimers of sFasL molecules, as multimers of sFasL promote more efficient aggregation and activation of membrane Fas receptor in vitro (22) (23) (24) (25) . In addition, variants of sFasL with different N-terminal amino acid sequences have been used in different studies. More information is needed about the structural factors that regulate the biological activity of sFasL in vivo.
In prior studies, we found that while sFasL is detectable before and after the onset of ARDS, only sFasL present in the bronchoalveolar lavage (BAL) fluid from patients with established ARDS induces apoptosis in human distal lung epithelial cells in vitro, suggesting that specific mechanisms control the biological activity of sFasL in the lungs in vivo (26) . We hypothesized that factors in the alveolar microenvironment of patients with ARDS modulate the biological activity of sFasL by promoting changes in its structure or physical state. For example, the lungs of patients with ARDS contain a highly oxidative environment, due in large part to the accumulation of neutrophils and the release of reactive oxygen and nitrogen species (27) (28) (29) (30) (31) . Oxidation, chlorination, and nitra- Lanes correspond to individual patients. Plasma samples from a normal volunteer without (lane P) or with rh-sFasL (hsFasL) (lane F) were included to control for cross-reactivity with plasma proteins. BAL fluid from patients with ARDS, but not that from at-risk patients or normal volunteers, contained dimers of endogenous sFasL (white arrow). High molecular weight bands (≥75 kDa) are nonspecific. rh-sFasL was used as positive control for cytotoxicity. The hairline separates noncontiguous lanes of the same gel.
tion of amino acid residues, such as cysteine, methionine, tyrosine, and tryptophan, modify protein-protein interactions and protein activity (32) (33) (34) . Therefore, we tested whether endogenous oxidants in the lungs of patients with ARDS modify the bioactivity and the degree of aggregation of sFasL. Because injured lungs also contain a proteolytic environment, we hypothesized that the bioactivity of the sFasL in the lungs is modified by proteolytic cleavage of the N-terminal domain or other sites of sFasL molecule. Finally, we analyzed the structure and degree of oxidation of endogenous sFasL derived from the lungs of humans with ALI.
Herein we show that aggregates of sFasL are detectable in the BAL fluid from patients after the onset of ARDS, but not in that from at-risk patients, and that multimerization of sFasL is associated with methionine oxidation via the MPO-H 2 O 2 -chloride
Figure 2
Effect of ARDS BAL fluid on multimerization and bioactivity of sFasL. (A) Pooled BAL fluids from 3 normal volunteers, 3 at-risk patients, and 3 patients with ARDS were diluted in PBS, incubated alone or with rh-sFasL, and then analyzed by Western blot. Larger aggregates of rh-sFasL, ranging from 100 kDa to 250 kDa, were detected only when rh-sFasL was incubated in ARDS BAL fluid. A single 250-kDa band is present in the unspiked ARDS BAL fluid and represents either cross-reactivity or large aggregates of endogenous sFasL. (B) Effect of inhibitors (NaN3 [MPO inhibitor, 1 mM], l-methionine [HOCl inhibitor, 500 μM], and catalase [H2O2 inhibitor, 500 U/ml]) on multimerization of rh-sFasL in ARDS BAL fluid. (C and D) Two samples of pooled ARDS BAL fluids were incubated with exogenous rh-sFasL for 90 minutes. In 1 of the ARDS BAL samples, the antioxidant l-methionine (l-met) was added after incubation with exogenous rh-sFasL (l-methionine, after). The other sample was preincubated with l-methionine, followed by incubation with exogenous rh-sFasL (l-methionine, before). Incubation of rh-sFasL in ARDS BAL fluid increased (C) multimerization and (D) cytotoxicity for Jurkat cells, which was prevented by preincubation of ARDS BAL fluid with l-methionine. (D) Low cytotoxicity of the ARDS BAL fluids is explained by dilution of the BAL fluid. Results represent mean ± SD of 3 separate experiments performed in duplicates. *P < 0.05 vs. all other samples. All Western blots were run in nonreducing conditions. Lane numbers in D correspond to lane numbers in C. system in the ARDS BAL fluid but not with nitration of sFasL. In addition, we report that the presence of the N-terminal stalk region of sFasL has a previously unrecognized role in the biological activity of sFasL in vivo and that endogenous sFasL in the lungs of patients with ALI contains the stalk region and oxidized methionine residues. The data suggest that the bioactivity of sFasL in the lungs of humans is determined by the N-terminal site at which mFasL is cleaved and the extent of methionine oxidation.
Results

ARDS BAL fluid contains biologically active sFasL in high molecular weight fractions.
We investigated whether endogenous sFasL aggregates in the BAL fluid from patients with ARDS and, if so, whether aggregation influences the biological activity of sFasL. The BAL fluid from 2 normal volunteers, 3 patients at risk for ARDS, and 4 patients with ARDS was fractionated using size-exclusion chromatography, and then the cytotoxicity of each molecular weight fraction was tested using human Jurkat cells, which are sensitive to sFasL. The percentage of cell death in Jurkat cells exposed to normal and at-risk BAL fluid fractions ranged from 8.1% ± 17.7% to 37.3% ± 9.8% and from 3.3% ± 4.1% to 37.1% ± 15.2%, respectively ( Figure 1, A and B ), whereas cell death increased up to 58.8% ± 4.5% when Jurkat cells were incubated with the high molecular weight fractions (67 kDa to >150 kDa) from ARDS BAL fluid ( Figure 1C ). Blocking Fas on Jurkat cells using the ZB4 anti-Fas antibody reduced the cytotoxicity of the higher molecular weight fractions of the ARDS BAL fluid ( Figure 1D ), supporting the conclusion that the cytotoxicity was due predominantly to sFasL in the BAL fluid fractions. Compared with the high molecular weight fractions, the low molecular weight fractions (22 kDa to 28 kDa) of ARDS BAL fluid, which should contain monomeric forms of sFasL (25 kDa), induced significantly less cell death (P < 0.05).
To confirm the relevance of these data in human lung epithelial cells, primary human small airway epithelial cells (SAECs) were incubated for 18 hours in medium only, medium supplemented with 500 ng/ml recombinant human sFasL (rh-sFasL) (as positive control), and medium supplemented with either the high molecular weight fraction (150 kDa) or the low molecular weight fraction (25 kDa) from the pooled BAL fluids ( Figure 1E ). Incubation with pooled BAL fluid from normal or at-risk patients resulted in minimal cell death. In contrast, incubation with the 150-kDa ARDS fluid fraction resulted in 29.0% ± 2.6% cell death (P < 0.05, compared with all other conditions), and this was blocked by the
Figure 3
Effect of oxidants on multimerization of sFasL. (A) Western blot analysis of rh-sFasL incubated in PBS-DTPA alone or in the presence of H2O2 (10 μM or 20 μM) with or without MPO (50 nM) and either NaNO2 (100 μM) or NaCl (100 mM). Reactions were terminated at 60 minutes with l-methionine (2.5 nM). Multimers of rh-sFasL (75-kDa and larger molecular weight bands) were detected when sFasL was exposed to MPO-H2O2-chloride. (B and C) Dose-dependent effects of MPO (nM) and H2O2 (μM) or HOCl (μM) on multimerization of rh-sFasL, respectively. Degradation of rh-sFasL occurred at the highest concentrations of MPO and H2O2 or HOCl. Western blot analyses in A-C were performed using SDS-PAGE with 2-ME and heat. (D) Lack of effect of urea (8 M) on oxidized multimers of rh-sFasL. Samples were resolved in SDS-PAGE with 2-ME (no heat). (E) Lack of effect of DTT (10 μM or 20 μM) on HOCl-oxidized multimers of rh-sFasL. Western blot was performed in SDS-PAGE with no 2-ME or heat. (F) Effect of DMS and HCl on multimerization of HOCl-oxidized multimers of rh-sFasL. Samples were filtered by centrifugation to eliminate DMS and HCl and neutralize pH and then subjected to SDS-PAGE in nonreducing conditions (no 2-ME, no heat). In D-F, the lanes were taken from the same gels. The vertical hairlines in E separate noncontiguous lanes in the same gel.
anti-Fas neutralizing antibody. The 25-kDa ARDS fluid fraction induced minimal cell death (P < 0.05, compared with the ARDS high molecular weight fraction).
To further confirm that the cytotoxicity of ARDS BAL fluid is due to the action of sFasL, pooled BAL fluid from 4 patients with ARDS was immunodepleted of sFasL using an immunoaffinity column containing an anti-human sFasL mAb ( Figure 1F ). The concentrations of the endogenous sFasL in the ARDS BAL fluid, before and after the immunodepletion, were 714 and 114 pg/ml, respectively, and the concentration of the purified sFasL in the column eluate was 969 pg/ml. The ARDS BAL fluid induced 62.1% ± 1.9% cell death. This cytotoxicity was blunted by blocking the Fas receptor on the Jurkat cells (12.2% ± 1.5%; P < 0.05) and was also significantly reduced by immunodepletion of sFasL (41.8% ± 0.9%; P < 0.05). The cytotoxicity of the immunodepleted ARDS BAL fluid was not further reduced with the anti-Fas receptor mAb (38.2% ± 1.9% cell death), suggesting the presence of other cytotoxic factors in addition to sFasL in the ARDS BAL fluid. The material eluted from the column was cytotoxic (16.4% ± 0.5%) and almost completely inhibitable by blocking Fas on Jurkat cells, consistent with sFasL. Altogether, these data show that ARDS BAL fluid induces cell death by mechanisms involving activation of the Fas/FasL pathway, although, other pathways also appear to be involved.
Human sFasL aggregates in the lungs of patients with ARDS. To further define the molecular size of sFasL in ARDS BAL fluid, we performed Western blot with nonreducing SDS-PAGE using concentrated BAL fluid from normal volunteers, patients at risk for ARDS, and patients with established ARDS. Initial experiments showed substantial cross-reactivity among several different HRP-conjugated secondary antibodies and other proteins present in the BAL fluid. To minimize cross-reactivity, the BAL fluid samples were immunodepleted of albumin and IgG. Never-theless, bands ranging from 100 kDa to 250 kDa were present in normal plasma and BAL fluid samples from normal volunteers, patients at risk for ARDS, and patients with ARDS, even when a control antibody was used ( Figure 1G ), showing that these bands are not specific for sFasL. Normal plasma spiked with recombinant sFasL showed bands at 25, 50, and 75 kDa, corresponding to monomers, dimers, and trimers of sFasL ( Figure 1G , lane F). Dimers of sFasL were detected in BAL fluid samples from all patients with ARDS but were not detected in the BAL fluid from normal volunteers or patients at risk for ARDS. Monomers of sFasL were not detected in any of the samples.
ARDS BAL fluid multimerizes rh-sFasL. To determine whether substances present in the BAL fluid influence the multimerization of sFasL, rh-sFasL was incubated in PBS or BAL fluid from normal subjects, at-risk patients, or patients with established ARDS (Figure 2 ). Western blot of the rh-sFasL incubated in PBS showed bands at 25 and 50 kDa and a less intense band at 75 kDa, consistent with the predicted molecular weight of glycosylated monomers, dimers, and trimers, respectively ( Figure 2A ). When rh-sFasL was incubated in BAL fluid from patients with ARDS, additional bands appeared at higher molecular weights, ranging from 100 kDa to 250 kDa, indicating the formation of SDS-resistant aggregates of sFasL.
Effect of oxidants on multimerization and bioactivity of sFasL in ARDS BAL fluid. Hypochlorous acid (HOCl), generated from H 2 O 2 and Clvia the catalytic action of myeloperoxidase (MPO) in activated neutrophils and monocytes, is a potent oxidant that can alter the structure and biological activity of proteins (32, 35, 36) . Because both MPO and H 2 O 2 accumulate in the lung fluids of patients with ARDS (27, 30) , we investigated the effect of oxidants on the multimerization of added rh-sFasL, using the same pooled BAL fluid samples tested previously. Aggregation of rh-sFasL was observed only when rh-sFasL was incubated in
Figure 4
Oxidation of methionine residues in sFasL by ARDS BAL fluid. (A) Reconstructed ion chromatogram (RIC) of a tryptic peptide from rh-sFasL exposed to normal, at-risk, or ARDS BAL fluid. The mass-to-charge ratios of the peptide from sFasL exposed to normal and at-risk BAL fluid were 656.1. The mass-to-charge ratio of the peptide from sFasL exposed to ARDS BAL fluid was 672. ARDS BAL fluid ( Figure 2 , A-C). This was inhibited by the MPO inhibitor NaN 3 , the H 2 O 2 scavenger catalase, and the HOCl scavenger l-methionine ( Figure 2B ).
To determine whether oxidants in the ARDS BAL fluid influence the biological activity of sFasL, exogenous rh-sFasL was incubated for 90 minutes in ARDS BAL fluid or PBS, and the oxidant scavenger l-methionine was added either before or after incubation with the rh-sFasL. As expected, the rh-sFasL incubated in ARDS BAL fluid showed a higher degree of multimerization in nonreducing conditions ( Figure 2C ) and also was more cytotoxic for Jurkat cells as compared with rh-sFasL incubated in PBS (49.8% ± 3.8% vs. 33.2% ± 4.1% cell death, respectively; P < 0.05) ( Figure 2D ). This increase in multimerization and cytotoxicity of rh-sFasL was prevented when the antioxidant l-methionine was added to the ARDS BAL fluid prior to incubation with rh-sFasL (27.1% ± 11.2% cell death). Thus, oxidants in ARDS BAL fluid cause multimerization/ aggregation of sFasL and enhance biological activity.
To study the effects of MPO-catalyzed oxidation and nitration reactions on multimerization of human sFasL, we exposed rh-sFasL to the MPO-H 2 O 2 -chloride or MPO-H 2 O 2 -nitrite system using 2 different concentrations of H 2 O 2 . The rh-sFasL formed multimers when incubated with MPO, H 2 O 2 , and NaCl but not when incubated with MPO-H 2 O 2 or MPO-NaCl alone or with the MPO-H 2 O 2 -NaNO 2 system ( Figure 3A ). The effects of H 2 O 2 -MPO-Clor HOCl on sFasL multimerization were dose dependent ( Figure 3 , B and C), and high concentrations of H 2 O 2 and MPO with Cl -, as well as HOCl alone, caused progressive loss of the sFasL bands, suggesting degradation or loss of reactive epitopes. Importantly, preincubation with the HOCl scavenger l-methionine completely prevented the multimerization of human sFasL as well as its degradation with the highest concentrations of H 2 O 2 and MPO or HOCl (Figure 3 , B and C). Therefore, MPO-derived oxidants, such as HOCl, provide a mechanism for the multimerization of sFasL in the BAL fluid of patients with ARDS as well as for its degradation.
The oxidized multimers of sFasL did not dissociate in SDS-PAGE with reducing agents such as 2-ME and heat (+96°C) ( Figure 3 , A-C) or with high concentrations of urea (8 M) or high concentrations of dithiothreitol (DTT) (10 or 20 mM) ( Figure 3 , D and E, respectively). To explore the role of oxidized methionines in multimerization of sFasL, which could have been produced by the oxidants in the prior experiments, we incubated oxidized sFasL with dimethyl sulfide (DMS) and hydrochloric acid (HCl), which is reported to reduce methionine sulfoxide to methionine (ref. 37 and Figure 3F ). This resulted in the dissociation of aggregates of sFasL to monomers and lower molecular weight fragments. Taken together, these results suggest that methionine oxidation is involved in aggregation of sFasL through the formation of disulfide-independent intramolecular bonds.
Figure 5
Methionine residues are involved in oxidative multimerization of sFasL. (A) Amino acid sequence of mouse native-sFasL and met-sFasL. Native sFasL contains 2 methionine residues (underlined), whereas met-sFasL contains 7 methionine residues (underlined) in the same locations as those in human sFasL. (B) Western blot analysis of the native form of mouse sFasL (native-sFasL) and a mutated form of mouse sFasL containing methionines at the location of methionine in human sFasL (mouse met-sFasL). Native sFasL (lanes 2-4) and met-sFasL (lanes 6-8) were incubated with increasing concentrations of HOCl (μM), and the reaction was stopped with l-methionine (2.5 nM). For comparison, l-methionine was added to the reaction before incubation with mouse native sFasL (lane 1) or met-sFasL (lane 5) to prevent protein oxidation. Nonoxidized mouse native sFasL and met-sFasL showed single bands at 25 kDa, corresponding to sFasL monomers (lanes 1 and 5). When oxidized, met-sFasL (lanes 6-8) multimerized more readily than native-sFasL (lanes 2-4). ARDS BAL fluid oxidizes methionine residues in sFasL. To investigate the role of methionine and other amino acids in the aggregation of sFasL in ARDS BAL fluid, we incubated rh-sFasL in normal, at-risk, or ARDS BAL fluid and then purified the rh-sFasL using an immunoaffinity column. The recovered rh-sFasL was digested with trypsin, and the tryptic peptides were analyzed by liquid chromatography-electrospray ionization-tandem mass spectrometry analysis (LC-ESI-MS/MS). We focused on the tryptic peptide Y 218 PQDLVMMEGK, because Y 218 is in the Fas binding site, and nearby tyrosine and methionine residues are targets for modification. When sFasL was incubated with normal or at-risk BAL fluid, a major peak of material with a mass-to-charge ratio (m/z) anticipated for the doubly protonated peptide (m/z, 656.1) was detected ( Figure 4A , normal and at risk). Analysis by tandem mass spectrometry (MS/MS) confirmed that the sequence of this peptide was YPQDLVMMEGK ( Figure 4B , top row). In contrast, when sFasL was incubated in BAL fluid from patients with ARDS, the Y 218 PQDLVMMEGK peptide almost disappeared and a major peak of new material appeared with a m/z of 672.1 (doubly charged) ( Figure 4A , ARDS), suggesting that the molecular weight of the original peptide had increased by 32 Da, corresponding to the gain of 2 oxygen atoms. The MS/MS analysis of the modified peptide revealed that each of the methionine residues in the peptide gained 16 Da, indicating that they were oxidized to methionine sulfoxide ( Figure 4B , bottom row). In contrast, chlorination or nitration of Y 218 were not detected, suggesting that the methionine residues of sFasL are major targets of oxidation by reactive intermediates in BAL fluid of patients with ARDS.
Methionine residues are involved in oxidation-mediated multimerization of sFasL. To confirm that oxidation of methionine residues is involved in the multimerization of sFasL, we took advantage of the fact that murine sFasL contains fewer methionine residues than human sFasL. We cloned the mouse sFasL cDNA and used sitedirected mutagenesis to change specific residues to methionine at the locations of methionine residues in human sFasL ( Figure 5A ). This "humanized" mouse sFasL contained a total of 7 methionine residues (mouse met-sFasL). When the mouse met-sFasL and the native form of mouse sFasL were subjected to mild oxidation with HOCl, the mouse met-sFasL multimerized more readily than the native sFasL ( Figure 5B ), and the prior addition of l-methionine prevented multimerization ( Figure 5B, lanes 1 and 5) .
We then compared the biological activities of the humanized mouse met-sFasL and the mouse native sFasL using MLE-15 mouse lung epithelial cells ( Figure 5C ). Neither mouse native sFasL nor mouse met-sFasL induced either expression of C-X-C chemokine (KC) or activation of caspase-3 in MLE-15 cells in nonoxidative or oxidative conditions, despite the high concentrations of both proteins tested (800 ng/ml), and cell death also was unaffected (data not shown). In contrast, a lower concentration of rh-sFasL (400 ng/ml) was biologically active, as shown by increased KC expression and caspase-3 activation in MLE-15 cells. Therefore, increasing the number of methionine residues in mouse sFasL promoted multimerization in oxidative conditions, but this by itself was not sufficient to increase the biological activity of this form of mouse sFasL.
Relevance of the N-terminal stalk region for bioactivity of sFasL. Because human sFasL was biologically active in MLE-15 cells, whereas mouse met-sFasL was not, we explored the possibility that structural determinants other than methionine residues also affected the biological activity of sFasL. The mouse sFasL (both native and met-sFasL) that we used contained only the TNF domain at the C terminus, whereas the commercial form of human sFasL contained the C-terminal TNF domain as well as a stalk domain at the extracellular N terminus. Therefore, we expressed a long form of human sFasL containing both the stalk and the TNF domains (103-281 aa) and a short form of human sFasL containing the TNF domain and only 6 amino acids of the stalk region (129-281 aa) ( Figure 6A ) and then tested the biological activity of each form of sFasL in the lungs of C57BL/6 mice.
Lung histology, permeability, and inflammation. Intratracheal instillation of the long form of human sFasL (25 ng/g body weight) resulted in overt alveolar wall thickening, vascular congestion, alveolar hemorrhage, and neutrophilic infiltration, whereas the lungs of mice treated with the short form of sFasL were histologically normal ( Figure 6B ). At 16 hours after instillation, the wet weight of the lungs increased significantly in the mice treated with the long form of human sFasL but not in mice treated with the short form ( Figure 6C ). The concentration of IgM in BAL fluid, used as a marker of protein permeability, was significantly increased in mice treated with long human sFasL ( Figure 6D ), but was unaffected in mice treated with the short human sFasL. The long human sFasL caused a significant increase in the total number of polymorphonuclear leukocytes (PMNs) in BAL fluid, whereas the short form of human sFasL had no effect on the BAL cell profile ( Figure 6E ). 
Figure 7
Cytotoxicity of long and short forms of rh-sFasL in Jurkat cells. Jurkat cells were incubated with media supplemented with serial concentrations of the long or short forms of rh-sFasL, and cytotoxicity was determined 18 hours later using the alamarBlue assay. Cells treated with medium only were used to determine 100% survival. The long human sFasL was more cytotoxic at each concentration of sFasL. Data are the mean ± SD of 3 separate experiments performed in duplicates. *P < 0.05 for long vs. short human sFasL.
Accordingly, the MPO activity in lung homogenates was significantly increased only in the lungs of mice treated with the long rh-sFasL ( Figure 6F ). The lungs of mice treated with the long human sFasL contained higher concentrations of the proinflammatory cytokines IL-1β, IL-6, KC, MIP-2, MCP-1, and MIP-2 and lower concentrations of the antiinflammatory cytokine IL-4 (Table 1) , whereas cytokine concentrations were not increased in the lungs of mice treated with the short human sFasL. TNF-α, IFN-γ, IL-10, and IL-12 were not detected in any of the groups.
Activation of proapoptotic pathways. Analysis of lung tissue sections using the TUNEL method showed that the number of nuclei containing DNA strand breaks was significantly higher in mice treated with the long form of sFasL than in those treated with the short form (P < 0.05) ( Figure 6G ). Fluorescent double staining of DNA fragmentation and cytokeratin (marker of epithelial cells) showed that some TUNEL-positive cells in the alveolar wall were also positive for cytokeratin, indicating that alveolar epithelial cells were undergoing apoptosis ( Figure 6I ). Some cells were TUNEL positive but cytokeratin neg-
Figure 8
Effect of oxidation on the bioactivity of long and short human sFasL for human SAECs. Human SAECs were incubated with supernatants of transfected HEK cells that express either long or short rh-sFasL. These supernatants were pretreated with (black bars) or without (white bars) HOCl (100 μM). MO, medium only; SAECs incubated with supernatant from nontransfected HEK cells, with or without HOCl pretreatment. Expression of IL-8, caspase-3 activity, and cell death were determined after 18 hours by ELISA, enzymatic assay, and alamarBlue, respectively. SAECs treated with medium only were used to determine 100% survival. Long rh-sFasL was significantly more bioactive than short rh-sFasL, and oxidation enhanced the bioactivity of long rh-sFasL. Data are the mean ± SD of 3 separate experiments performed in duplicate. *P < 0.05 vs. medium only; # P < 0.05 vs. medium only and short rh-sFasL.
Figure 9
Effect of oxidation on the bioactivity of long and short rh-sFasL in mouse lungs in vivo. Mice were treated with 1 intratracheal instillation of HEK cell supernatant, containing short or long human sFasL, and pretreated with or without HOCl as an oxidant and studied 16 ative, indicating that other populations of lung cells were undergoing apoptosis. Caspase-3 activity was significantly increased only in the lungs of mice treated with long human sFasL ( Figure 6J ).
All of the alterations observed in the lungs of mice treated with intratracheal instillation of the long form of sFasL were absent in lpr mice, which carry a nonfunctional Fas receptor, indicating that the long human sFasL causes lung injury and inflammation by activating the murine Fas receptor (data not shown).
The stalk region and oxidation of human sFasL influence bioactivity in human cells. To test whether the stalk region of human sFasL also influences biological activity in human cells, we treated human Jurkat cells with the long and short forms of human sFasL (Figure 7) . The long human sFasL was cytotoxic at a concentration of 12.3 ng/ml (15% ± 5.6%), whereas the dose response of the short form of human sFasL was shifted significantly to the right (onset of cytotoxicity at 111.1 ng/ml). On a molar basis, this difference in cytotoxicity is even more pronounced.
To test whether oxidation modifies the biological activity of the long and short forms of human sFasL in human lung epithelial cells, we transfected human embryonic kidney (HEK) cells with cDNA directing the expression of long or short human sFasL. The supernatants of the transfected HEK cells were treated with HOCl (100 μM) and then incubated with human SAECs for 16 hours at 50% final concentration (Figure 8 ). Compared with short human sFasL, exposure of SAECs to long human sFasL induced higher expression of IL-8 (511.8 ± 17.6 pg/ml vs. 826.3 ± 28.7 pg/ml; P < 0.05), caspase-3 activity (33.2 ± 2.9 vs. 57.8 ± 5.9 arbitrary units; P < 0.05) and percentage of cell death (1.7% ± 2.3% vs. 32.0% ± 5.5%; P < 0.05). Oxidation increased the biological activity of long human sFasL but did not change the bioactivity of short human sFasL.
The stalk region and oxidation of human sFasL influence bioactivity in mouse lungs. To determine whether oxidation modifies the biological activity of the long and short forms of human sFasL in the lungs in vivo, we treated mice with a single intratracheal instillation of HEK cell supernatant containing long human sFasL (nonoxidized or oxidized) or short human sFasL (nonoxidized or oxidized) ( Figure 9 ). In all cases, the long form was more bioactive than the short sFasL ( Figure 9 ). Oxidation increased the bioactivity of the long form of human sFasL, as shown by an increase in the number of PMNs in BAL fluid, increased caspase-3 activity in lung homogenates, higher concentrations of IgM in the BAL fluid, and higher expression of KC and IL-1β in lung homogenates, although not all the responses reached statistical significance. In contrast, oxidation did not increase the bioactivity of the short form of human sFasL. Thus, the stalk region is a critical determinant of the biological activity of human sFasL and oxidation enhances the activity of the long rh-sFasL in vivo.
Long and short human sFasL have similar capacity to aggregate. In order to determine whether the stalk region could cause differences in the degree of aggregation of sFasL, we compared the aggregation status of recombinant short and long human sFasL in basal or oxidative conditions ( Figure 10 ). In nonoxidative conditions, both short and long human sFasL appeared as monomers (25 kDa). After oxidation with HOCl, both short and long human sFasL showed similar degrees of dose-dependent aggregation, suggesting that the stalk region in sFasL does not enhance aggregation, even when the protein is oxidized.
Figure 10
Oxidation-mediated multimerization of short and long sFasL. Western blot analyses of short and long rh-sFasL incubated in PBS alone or in the presence of 2 different concentrations of HOCl (μM). After 15 minutes, the reaction was terminated with 2.5 nM l-methionine. Both short and long human sFasL have the same aggregation status in basal conditions. Following oxidation with HOCl, short and long rh-sFasL showed similar multimerization (50-kDa and larger molecular weight bands). Western blot analyses were performed using SDS-PAGE with reducing conditions (2-ME and heat). Proteolytic cleavage of the stalk region by MMP-7 reduces the biological activity of human sFasL in vitro. The recombinant long human sFasL contains 2 MMP-7 cleavage sites near the N terminus, 1 near the cell membrane and 1 near the beginning of the TNF homology domain ( Figure 11 ). We hypothesized that cleavage of the long sFasL protein at the Ser126-Leu127 (S-L) site by MMP-7 would release the stalk region, transforming the active long sFasL protein into the less active short sFasL. To test this, affinity-purified long human sFasL, derived from supernatant of transfected HEK cells, was incubated with different concentrations of human MMP-7 ( Figure 12A ). Whereas the long human sFasL showed a prominent band at 25 kDa, corresponding to monomeric sFasL, treatment with MMP-7 shifted the monomeric band to a lower molecular weight, and a new band below 10 KDa appeared, corresponding to the predicted molecular weight of the stalk region with the extra 15-amino acid linker peptide from the expression vector ( Figure 12A ). Importantly, treatment of sFasL with MMP-7 led to a significant reduction of cytotoxicity for Jurkat cells ( Figure 12B ). We further used nanoLC-ESI-MS/MS to detect cleavage of sFasL by MMP-7. The long sFasL proteins, either treated or untreated with MMP-7, were digested with trypsin, and the tryptic peptides were analyzed using nanoLC-ESI-MS/MS (Figure 13 ). MMP-7 cleaved long human sFasL at the S-L site (about 40% of protein, Figure 13A ), resulting in the release of the ESTSQM 121 HTASS peptide in the stalk region. Together, these results show that MMP-7 cleaves the stalk region of sFasL and reduces the biological activity of the long human sFasL in vitro. Interestingly, oxidation of Met 121 in the stalk region of the sFasL prevented cleavage at the S-L site by MMP-7 ( Figure 13B ), suggesting that oxidation of methionine residues could be a mechanism that prevents cleavage of the stalk region of human sFasL in vivo.
Figure 11
The long form of sFasL is present in the BAL fluid of patients with ARDS and contains oxidized methionine residues. To determine whether sFasL released into the airspaces of patients with ARDS contains the stalk region and whether its methionine residues are oxidized, we analyzed the structure of sFasL in the BAL fluid of patients with ARDS. Human ARDS BAL fluids were pooled, the endogenous sFasL was immunoaffinity purified and digested with trypsin, and the tryptic peptides were analyzed using nanoLC-ESI-MS/MS. We focused on the peptide ESTSQM 121 HTASSLEK in the stalk region, which contains the S-L MMP-7 cleavage site ( Figure 11 Taken together, the results suggest the following hierarchical order of biological activity of the various forms of human sFasL: oxidized long human sFasL > nonoxidized long sFasL > oxidized short sFasL and nonoxidized short sFasL > MMP-7-cleaved sFasL, which could have equal or lesser cytotoxicity than short sFasL, depending on the extent of cleavage.
Discussion
The main goal of this study was to determine the structural factors that modulate the biological activity of human sFasL in the lungs of patients with lung injury. Our results indicate that the endogenous sFasL released into the airspaces of patients with ARDS is highly aggregated and contains both oxidized methionine residues and the N-terminal stalk region. We show for the first time to our knowledge that the stalk region in the N terminus is a critical determinant of the biological activity of sFasL in vitro and in vivo. In addition, oxidants present in ARDS BAL fluid promote aggregation of sFasL by mechanisms involving oxidation of methionine residues. This oxidation-mediated aggregation of sFasL increases the bioactivity of sFasL in mouse lungs and in human lung epithelial cells. However, oxidation does not modify the bioactivity of the short form of sFasL lacking the stalk region, suggesting that the stalk region is required for full biological activity. Moreover, cleavage of the stalk region by the proteolytic action of MMP-7 reduces the biological activity of sFasL, and oxidation of the stalk region prevents MMP-7−mediated cleavage of sFasL. A number of studies have provided evidence supporting the role of the Fas/FasL system in the pathogenesis of lung injury (11, 26, (38) (39) (40) (41) . In the lungs of patients with ARDS, there is an increase in the expression of Fas and FasL in the alveolar walls associated with activation of apoptotic pathways (26, 38) . In the current study, we have confirmed our previous observation that the sFasL is elevated in the BAL fluid of patients at the onset of ARDS and induces apoptosis in primary human lung epithelial cells in vitro (26) . In this study, activation of Fas pathway in mouse lungs by intratracheal instillation of human sFasL caused lung injury, with disruption of the alveolar epithelial barrier and apoptosis of cells in the alveolar wall. Similar damage also has been found in models of lung injury caused by intratracheal instillation of Fas-activating antibody (in mouse lungs) or human sFasL (in rabbit lungs) (10, 11) . The importance of the Fas pathway also has been shown in other models of lung injury caused by direct insults, such as LPS, hypoxia-induced lung injury during Legionella pneumonia, or IgG immune complexes (42) (43) (44) , and systemic insults, such as hemorrhagic shock combined with cecal ligation and puncture (45) .
Figure 12
Apoptosis of alveolar epithelial cells is one of the mechanisms that are likely to contribute to the disruption of the alveolar epithelial barrier in ARDS (9, 11, 26, (39) (40) (41) (42) . Our observation that alveolar epithelial cells undergo apoptosis in mouse lungs after instillation of human sFasL is consistent with the studies of Fine and colleagues, showing that activation of Fas by the intratracheal administration of a Fas-activating mAb (Jo2) results in apoptosis of murine alveolar type II pneumocytes in vivo (46) . Apoptosis of type II pneumocytes is also involved in repair of alveolar epithelial damage. Proliferation of type II pneumocytes occurs in the early phase of ALI and is important for repair of alveolar wall damage. Fas-dependent apoptosis of proliferating type II pneumocytes has been implicated in the disappearance of these cells in the resolution phase (5) . Therefore, at the onset of ALI, activation of sFasL can contribute to the death of alveolar epithelial cells, but later in the course of lung injury, this pathway is likely to contribute to repair.
The mechanism by which the stalk region controls the biological activity of sFasL remains uncertain. The stalk region, even under oxidative conditions, does not increase the ability of human sFasL to aggregate and, therefore, this mechanism is unlikely to explain the increased biological activity of the long form of sFasL. Instead, the stalk region might confer a spatial conformation that increases affinity for Fas receptor binding, or it might stabilize aggregates of sFasL, for example, by stabilizing the TNF domain structure to enhance receptor binding. Another possibility is that the stalk region might promote secondary aggregation of the FasL/Fas receptor complexes on the cell surface needed for efficient activation of Fas-dependent intracellular signaling (22) . In this regard, new preliminary experiments in our laboratory show that the long human sFasL causes more rapid clustering of the Fas receptors on the surface of Jurkat cells as compared with the short form lacking the stalk region (data not shown).
MMPs have been identified in the BAL fluid of patients with ALI (47), and MMP-7 is detectable in the BAL fluid of patients with ARDS (X. Fu, unpublished observations). Human sFasL contains several cleavage sites for MMP-7, one of which is located in the stalk region (20) (Figure 11 ). We found that cleavage at the stalk region site reduces the biological activity of sFasL in vitro and that long sFasL containing the stalk region is present in the airspaces of patients with ARDS. Because the endogenous sFasL was fragmented by trypsin for the mass spectrometry analysis, we could not determine whether MMP-7-cleaved fragments of sFasL exist in the lung fluid of patients with ARDS or whether forms of sFasL lacking the stalk region are also present in the BAL fluid of patients with ARDS. Therefore, the relevance of MMP-7 in limiting the biological activity of sFasL in patients with lung injury requires further studies.
Protein oxidation and nitration are prominent in the lungs of patients with ALI and can modify protein function in the lung (27, 28, 30, 31, 34) . Therefore, we studied the effects of oxidation and nitration on the structure and bioactivity of sFasL. We focused on the oxidative and nitrosative reactions mediated by MPO and H 2 O 2 , as these 2 factors are mainly present in neutrophils and are abundant in the lungs of patients with ARDS. MPO-H 2 O 2 in the presence of NaCl generates HOCl, leading to protein oxidation, whereas MPO-H 2 O 2 in the presence of NO generates peroxynitrite, leading to protein nitration. We found that oxidation, but not nitration, changed the structure of sFasL by promoting aggregation and oxidized sFasL at methionine residues. Methionine oxidation and increased aggregation of sFasL also occurred when exogenous sFasL was incubated in BAL fluid from patients with ARDS, but not when sFasL was incubated in BAL fluid from patients at risk for ARDS or normal volunteers, consistent with the oxidative environment in ARDS lungs. In addition, the endogenous sFasL recovered from the airspaces of patients with ARDS contained oxidized methionine residues. Methionine oxidation promoted aggregation of sFasL in vitro and was associated with an increase in the biological activity of sFasL in vitro and in vivo. Therefore, oxidation-mediated aggregation of sFasL is likely to be one of the mechanisms that affect the bioactivity of sFasL in the lungs of patients with lung injury. Oxidation, however, can have a dual role in regulating the activity of sFasL in vivo, as intense oxidation by the MPO-H 2 O 2 -Clreaction resulted in degradation of sFasL. As many other proteins are also oxidized in the BAL fluid of patients with ARDS, it is unlikely that HOCl-mediated oxidation is unique for sFasL. Likewise, it is unlikely that MPO-derived HOCl is the only oxidant that can affect sFasL in vivo. The mechanisms by which methionine oxidation increases aggregation and modifies the biological activity of sFasL are still unclear. The sulfur atom of methionine is one of the most HOClreactive moieties of the 20 common amino acids. Methionine is a hydrophobic amino acid whose side chain is flexible. When oxidized, methionines become less hydrophobic and the side chain becomes more rigid. This can cause conformational changes in the tertiary structure of proteins that can lead to important changes in bioactivity, particularly when oxidation occurs in methionine residues located in or near binding sites (33, (48) (49) (50) (51) . These changes can modify protein-protein interactions, which could explain why methionine oxidation of long sFasL was not cleaved by MMP-7, suggesting that methionine oxidation could also have a role in preventing cleavage of sFasL by MMPs in injured lungs. Methionine oxidation also promotes aggregation of some proteins, such as human insulin-like growth factor I, in which the formation of covalent bonds is involved (52) . We observed that the oxidized multimers of sFasL dissociated to monomers with DMS plus HCl, which is reported to reduce methionine sulfoxide to methionine (37), but not with reducing agents such as 2-ME and heat (+96°C) or DTT, or urea, which disrupts noncovalent bonds (Figure 3) .
These findings suggest that methionine oxidation aggregates sFasL by mechanisms involving the formation of new intermolecular bonds, which are disulfide independent.
Aggregation seems to influence the biological activity of sFasL in vitro (22, 24, 25) . We found that sFasL formed aggregates in the lung fluid of patients with ARDS and that the high molecular weight aggregates were the most cytotoxic. As suggested by others, it is possible that highly aggregated sFasL promotes more efficient aggregation of Fas receptors required for intracellular signaling (53) (54) (55) . In addition, aggregation could prevent or alter the interaction of sFasL with its inhibitors, such as soluble Fas receptor (56) and Fas decoy receptor DCR3 (57) , present in the alveolar fluid of patients with ALI. The data suggest that aggregation of sFasL is an important factor controlling the biological activity of sFasL; however, aggregation is not sufficient to explain the biological activity of sFasL, as aggregated forms of sFasL lacking the stalk region were not biologically active in mouse lungs.
The cytotoxicity of the BAL fluid of patients with ARDS was significantly reduced by blockade of the Fas receptor on target cells or by immunodepletion of sFasL from BAL fluid, indicating that ARDS BAL fluid induces cell death predominantly by mechanisms involving activation of the Fas/FasL pathway. Nevertheless, ARDS BAL fluid immunodepleted of sFasL also induced cell death by Fas-independent pathways, indicating that Fas/ FasL is not the only cell death pathway in ALI. This supports the complexity of lung injury, in which multiple pathways are activated simultaneously. We conclude that the alveolar microenvironment of patients with ARDS contains factors that modulate the structure of sFasL and influence its bioactivity. The net bioactivity of sFasL in the lungs of patients with ALI is likely to depend on the extent of methionine oxidation and multimerization, the degree of cleavage by MMP-7, and the presence or absence of the stalk region at the N terminus. These mechanisms which we believe to be novel provide a better understanding of the structural and environmental factors that govern the bioactivity of sFasL in vivo. They also provide a basis for further studies designed to determine whether inhibition of the Fas/FasL pathway is beneficial or harmful in ALI as well as other diseases in which activation of the Fas/FasL pathway is involved.
Methods
Reagents
rh-sFasL (Peprotech Inc. and Axxora-Alexis Co.) was used for in vitro and in vivo experiments, respectively. For immunoblotting of human FasL, we used the following reagents: goat anti-human FasL polyclonal Ab (Peprotech Inc.), biotinylated by using the Solid-Phase Biotinylation Kit (Pierce Biotechnology); mouse anti-human FasL mAb (BD Biosciences); HRPconjugated AffiniPure F(ab′)2 fragment donkey anti-mouse Ab (Jackson ImmunoResearch Inc.); rat anti-mouse FasL Ab (R&D Systems); and HRP goat anti-rat Ab (Amersham). Neutralizing mouse anti-human Fas Ab (ZB-4) was purchased from Upstate USA Inc. and isotype-matched control IgG1 was obtained from BD Biosciences. Human metalloproteinase-7 was obtained from Calbiochem. Unless otherwise indicated, all other chemicals were purchased from Sigma-Aldrich.
Cloning of human and mouse sFasL cDNA and site-directed mutagenesis
Different lengths of human and mouse sFasL cDNA sequences were amplified in a standard PCR with DNA polymerase (Easy-A High-Fidelity PCR Cloning Enzyme, Stratagene), using cloned human FasL cDNA (catalog 10659567, ATCC) or cloned mouse FasL cDNA (catalog 10471123, ATCC) as templates. The sequences of PCR primers used for cDNA amplification were as follows: human long sFasL, sense 5′-CAGCTCTTCCACCTACAGAAGGAGC-3′ and anti-sense 5′-GTCCCCAAAACATCTCTCTTG-3′; human short sFasL, sense 5′-AAGCAAATAGGCCACCCCAG-3′ and anti-sense 5′-AGTTTCACCGATGGCTCAGG-3′; and mouse short sFasL, sense 5′-CCCAGTACACCCTCTGAAAAAAAAGAGCCG-3′ and anti-sense 5′-GGCTCATGATGCAGGCATTAAGGACC-3′. The PCR conditions were 95°C for 2 minutes; 95°C for 40 seconds; 55°C for 30 seconds and 72°C for 1 minute for 35 cycles; and 72°C for 7 minutes. The amplified sFasL cDNA was cloned into a pSecTag/FRT/V5-His-TOPO mammalian expression vector (Invitrogen). Mouse sFasL cDNA was mutated by site-directed mutagenesis in order to generate a humanized mouse sFasL using the mammalian expression vector encoding cloned native mouse sFasL cDNA as a template. Point mutations in a total of 5 codons in the plasmid encoding mouse sFasL cDNA were performed by using a QuikChange II Site-Directed Mutagenesis Kit (Stratagene), with the following mutagenic primers: sense 5′-GTATCCTGAGGATCTGGTGATGAGGAG-GAGAAGATGATG-3′ and anti-sense 5′-CATCATCTTCTCCTC-CATCATCACCAGATCCTCAGGATAC-3′ for codon 91, sense 5′-CTGCACTACTGGACAGATGTGGGCCCACAGCAGCCACCTG-3′ and anti-sense 5′-CAGGTGGCTGCTGTGGGCCCACATCTGTCCAG-TAGTGCAG-3′ for codon 105, sense 5′-GCTAATGGAGGAGAAGAT-GATGAACTACTGCACTACTGG-3′ and anti-sense 5′-CCAGTAGTG-CAGTAGTTCATCATCTTCTCCTCCATTAGC-3′ for codons 96 and 97, and sense 5′-GAACCCCCACTCAAGGTCCATGCCTCTGGAAT-GGGAAGAC-3′ and anti-sense and 5′-GTCTTCCCATTCCAGAGGCAT-GGACCTTGAGTGGGGGTTC-3′ for codon 25. The sequences of the cloned pSecTag/cDNA-FasL plasmids were confirmed using the Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).
Expression of sFasL protein in mammalian cells
sFasL was expressed in HEK cells (FreeStyle 293-F cells, Invitrogen) transfected with pSecTag/cDNA-FasL encoding the human or mouse FasL cDNA using lipofection and incubated in a humidified incubator at 8% CO2, 37°C, with FreeStyle293 Expression serum-free medium (Gibco), with constant shaking. After 6 days of incubation, the cell supernatant was harvested, filtered, and stored at -20°C until used. The expressed sFasL protein was purified using immunoaffinity columns (HiTrap NHS-activated HP, GE Healthcare), which were prepared according to the manufacturer's instructions, using a mouse monoclonal anti-human FasL antibody or a rat anti-mouse FasL antibody (R&D Systems). The expressed recombinant sFasL was tested for endotoxin (<0.1 EU per 1 μg sFasL, measured by the Limulus Amebocyte Lysate, Pyrochrome). The concentrations of human and mouse sFasL proteins were measured using ELISA Kits (MBL or R&D Systems, respectively), per the manufacturer's instructions. The lower detection limits were 75 pg/ml for human and 15 pg/ml for mouse sFasL.
Human subjects and BAL protocol
The human protocols were approved by the Human Subjects Review Committee of the University of Washington, and informed consent was obtained from the patients or their surrogates. The patient population, selection criteria, and BAL procedure and sample processing have been described ( Table 2 and refs. 26, 58) . The characteristics of the patients are summarized in Table 2 . Normal volunteers were healthy, nonsmoking subjects (aged 18-50 years). Each aliquot of BAL fluid was thawed and used only once. When indicated, BAL fluid samples were concentrated by centrifugation at 5,000 g at 4°C, using 5,000-Da molecular weight cut-off filter units (Millipore). When indicated, the BAL fluid samples were depleted of albumin and IgG with anti-human albumin and anti-human IgG antibodies coupled to agarose beads using the ProteoSeek Antibody-Based Albumin/IgG Removal Kit (Pierce). After 2 hours of incubation at room temperature, the beads were separated from the samples by centrifugation.
Gel filtration of human BAL fluid
BAL fluid samples were pooled and concentrated 6-fold, as described above. The BAL fluid proteins were separated according to molecular weight using high-pressure liquid chromatography with a SynChropak GPC 100 column (250 mm × 4.6 mm; SynChrom) at a flow rate of 1 ml/min in PBS. Each pooled sample was separated into 40 fractions. The column was calibrated using alcohol dehydrogenase (150 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa), and ribonuclease A (13.7 kDa).
Incubation of rh-sFasL in human BAL fluid or with MPOdependent oxidants
Exogenous rh-sFasL (Peprotech Inc.) was incubated at 37°C in BAL fluid samples for 90 minutes, or in the MPO-dependent oxidation reaction mixture for 1 hour, or with HOCl for 30 minutes. The MPO-dependent oxidation reaction was carried out in phosphate buffer (20 mM sodium phosphate, 100 μM diethylenetriaminepentaacetic acid [DTPA], pH 7.4), which was supplemented with MPO, H2O2, and NaCl for the MPO-H2O2-chloride system or NaNO2 for the MPO-H2O2-nitrite system, as indicated in each experiment. At the end of the incubation (in BAL fluid, MPO reaction fluid, or HOCl), the oxidant scavenger l-methionine (2.5 mM) was added to the samples to terminate oxidation. When indicated as a control, the reaction samples were incubated with l-methionine prior to the addition of rh-sFasL to block oxidation of the protein. The concentrations of H2O2 and HOCl were determined spectrophotometrically (ε240 = 39.4 M -1 cm -1 and ε292 = 350 M -1 cm -1 , respectively). Age values are mean ± SD. A Mean ± SD at ICU admission. B Day after onset of risk for ARDS or ARDS. Specific criteria for sepsis and trauma risks and for ARDS have been described by Matute-Bello et al. (58) .
and water. The mice were euthanized at 16 hours after instillation with an intraperitoneal injection of pentobarbital (120 mg/kg) and exsanguinated by closed cardiac puncture. The thorax was opened rapidly, and the trachea was cannulated with a 20-gauge catheter, the left hilum was clamped, and the left lung was removed and flash frozen in liquid nitrogen. The right lung was lavaged with 5 separate 0.5 ml aliquots of 0.9% NaCl containing 0.6 mM EDTA at 37°C and fixed by intratracheal instillation of 4% paraformaldehyde at a transpulmonary pressure of 15 cm of water and then embedded in paraffin. Frozen lung sections were prepared by inflating the right lung with intratracheal instillation of Tissue-Tek OCT (Sakura Finetek USA Inc.) (50% vol/vol) in ribonuclease-free PBS. The lungs were then placed in cryomolds, covered with Tissue-Tek OCT, and frozen at -80°C. Cryosections were cut at 8 μM thickness and mounted on glass slides.
Analysis of mouse BAL fluid
The BAL fluid samples were processed immediately for total and differential cell counts. Total white cell counts were performed with a hemacytometer, and differential counts were performed on cytospin preparations stained with the Diff-quick method (Andwin Scientific). A minimum of 200 cells were counted. The remainder of the lavage fluid was spun at 200 g for 30 minutes, and the supernatant was removed aseptically and stored in individual aliquots at -80°C. The total protein concentration in BAL fluid was measured by the bicinchoninic acid method (BCA assay; Pierce), and the concentration of IgM in BAL fluid was measured using ELISA (Bethyl Laboratories) per the manufacturer's instructions. The lower limit of detection of the IgM assay was 20 ng/ml.
Histological methods in mouse lung tissue
Paraffin-embedded murine lung tissue sections (4-μm thick) were stained with hematoxylin and eosin for light microscopy. The TUNEL fluorescent staining for detection of DNA damage in situ was performed according to the manufacturer's instructions (Roche Diagnostics). Light, fluorescence, and differential interference contrast microscopy were performed using a Nikon Eclipse 80i microscope. Evaluation of lung tissue damage and measurement of TUNEL-positive cells were assessed in a blinded manner on 8 randomly generated visual fields at ×200 magnification. Dual immunohistochemistry was used to compare TUNEL-positive and cytokeratin-positive cells (marker of epithelial cells) in the same frozen tissue sections. Briefly, the sections were fixed in acetone for 20 minutes at 4°C, and the TUNEL method was performed first. Then, the tissues were reblocked with Dako Serum-Free Protein Block (Dako) for 30 minutes at room temperature in the dark. The tissues were incubated with A555-fluorescent labeled mouse monoclonal pan-cytokeratin antibody (from Abcam, and labeled with Alexa fluor 555 dye) overnight at 4°C in a moist chamber in the dark. After washing in PBS, the sections were covered with glass coverslips using glycerol and analyzed by light and fluorescence microscopy.
Measurements in lung homogenates
For cytokine and caspase-3 activity measurements, the left lung was homogenized in lysis buffer containing 0.5% Triton X-100, 150 mM NaCl, 15 mM Tris, 1 mM CaCl2, and 1 mM MgCl2 (pH 7.4) using a hand-held homogenizer. The homogenates were incubated for 30 minutes at 4°C and then spun at 10,000 g for 20 minutes. For MPO measurements, the lungs were homogenized in 50 mM potassium phosphate buffer (pH 6.0) with 0.5% hexadecyltrimethyl ammonium bromide and 5 mM EDTA and sonicated briefly at 4°C. MPO activity was measured in supernatants of lung homogenates using the Amplex Red fluorometric assay, per instructions from the manufacturer (Molecular Probes). Cytokines IL-1β, IL-4, IL-6, IL-10, IL-12, KC, MIP-2, MCP-1, TNF-α, and IFN-γ were measured in lung homogenates using Fluorokine MultiAnalyte Profiling Kits (R&D Systems) in a multiplex fluorescent bead assay (Luminex), per the manufacturer's instructions. The sensitivities of these immunoassays were 37.9 pg/ml for IL-1β, 11.25 pg/ml for IL-4, 10.53 pg/ml for IL-6, 7.47 pg/ml for IL-10, 23.83 pg/ml for IL-12, 13.08 pg/ml for KC, 6.69 pg/ml for MIP-2, 54.15 pg/ml for MCP-1, 6.82 pg/ml for TNF-α, and 22.19 pg/ml for IFN-γ. Caspase-3 activity in lung homogenates was measured with the Caspase-3/CPP32 Fluorometric Assay Kit (Biovision), according to manufacturer's instructions. The fluorescence signal was measured using a fluorescent microplate reader.
Statistics
The results of the quantitative variables were expressed as mean ± SD or plotted in scattered dot graphs showing the median. Differences among 3 or more groups were analyzed using 1-way ANOVA, followed by the Bonferroni's post-hoc tests for variables with normal distribution, or the Kruskal-Wallis test, followed by the Dunn's test for those without a normal distribution. The means of 2 groups were compared using a 2-tailed unpaired Student's t test. A logarithmic transformation (log10) was used to reduce the heterogeneity of variances when these were significantly different. A P value less than 0.05 was considered statistically significant. The statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software Inc.).
